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RÉSUMÉ 
Les activités humaines sont la source de multiples micropolluants dans l’environnement : pesticides, 
médicaments, métaux lourds, etc. Ces substances peuvent entrer le cycle de l’eau par les eaux de 
pluie ou les eaux usées. Nombre de ces composés nous préoccupent au vu de leurs effets possibles 
à long-terme sur l’homme et l’environnement. Dans cette étude, nous proposons d’utiliser l’analyse de 
flux de substances comme outil de management des polluants dans les villes. Nous illustrons cette 
approche avec le cas du cuivre, du cadmium et du zinc à Lausanne, Suisse. Les résultats montrent 
qu’environ 1500 kg de cuivre, 9.3 kg de cadmium et 4000 kg de zinc se rejettent chaque année dans 
le compartiment aquatique. Ces quantités contribuent à enrichir les sédiments et présentent un risque 
à long-terme pour les organismes aquatiques. Les sources principales de contamination pour le cuivre 
sont les toits et les caténaires, pour le cadmium et le zinc le mobilier urbain. L’analyse de flux de 
substance permet également de mettre en évidence que la contamination du milieu aquatique par les 
métaux se fait principalement durant les événements de pluie, c’est-à-dire sans procédure de 
traitement des eaux. Une réduction de la pollution par les métaux passe donc par une amélioration du 
gestiondes eaux de ruissellement. En conclusion, notre étude montre que l’analyse de flux de 
substances est un outil très intéressant pour la gestion durable des eaux urbaines. 
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ABSTRACT 
Human activities are source of many micropollutants to the environment: pesticides, pharmaceuticals, 
heavy metals, etc. that can enter the water cycle through stormwater or wastewater. Many of these 
substances are of major concern regarding their possible long-term impacts on both humans and the 
environment. In this study, we proposed to use substance flow analysis as tool for xenobiotics 
management in cities. We illustrated this approach with the case study of copper, cadmium and zinc in 
Lausanne, Switzerland. The results showed that around 1500 kg of copper, 9.3 kg of cadmium and 
4000 kg of zinc enter the aquatic compartment yearly. These amounts contribute to sediment 
enrichment, which may pose a long-term risk for the aquatic organisms. The major sources of copper 
in receiving surface water are roofs and catenaries of trolleybuses, but the major source of cadmium 
and zinc are urban furniture. Substance flow analysis also highlights that these heavy metals enters 
surface water mainly during rain events, i.e without passing any treatment procedure. A reduction of 
the pollution could also be achieved by improving stormwater management. In conclusion, the study 
showed that substance flow analysis is a very interesting tool for sustainable urban water 
management. 
KEYWORDS 




The micropolluants released by cities into water are of more and more concern as they are suspected 
of inducing long-term effects on both aquatic organisms and humans (for example, hormonally active 
substances). Micropollutants found in the urban water cycle have different sources in the urban area 
and different fates in this cycle. For example, the pollutants emitted from the traffic get to surface water 
during rain events often without any treatment, and are partially removed from the water cycle by 
sedimentation (Burton and Pitt 2002); pharmaceuticals resulting from human medical treatments get to 
surface water mainly through wastewater treatment plants, where they are partly removed from water 
(Ternes and Joss 2006). Once in the receiving waters (lakes, rivers, groundwaters), these substances 
may induce effects on aquatic organisms and/or may re-enter the cycle through drinking water. It is 
therefore crucial to study the behavior of micropollutants in the urban water cycle and to get flexible 
tools for urban water management.  
Substance flow analysis (SFA) has recently been proposed as instrument for phosphorous 
management in urban water system (Huang et al. 2007). This kind of analysis is an extension of 
material flow analysis (MFA) originally developed in the 1930s in the economic sector and later 
adapted to regional investigations by Baccini and Brunner (Baccini and Brunner 1991). In the last 
decade, the approach was further developed and extended with modeling concepts (mathematical 
material flow analysis; MMFA) by Baccini and Bader (Baccini and Bader 1996) to allow modelling with 
few data, but profound system knowledge. Measurements, literature values and estimations/plausible 
reasoning were used as input data. Since then, MMFA has been applied in many studies in various 
fields such as energy (Bader et al. 2006) or substance behaviour at a country level (Kwonpongsagoon 
et al. 2007; Morf, Buser et al. 2008). However, very few studies used MMFA/SFA to model chemicals 
behaviour in the urban water cycle (Seelsaen et al. 2007; Jonsson et al. 2008; Månsson et al. 2008).  
To be used as management tool, SFA should be coupled with environmental quality criteria. These 
values express the maximum concentration, which is tolerable for a given substance in order to protect 
both human and the environment. Having this limit in mind, one can detect the most problematic flows 
and take action to diminish them. 
In the overall study, we tested the application of SFA to a large number of classes of micropollutants 
such as heavy metals, pharmaceuticals and biocides, to evaluate its use for urban water management. 
In this paper, we will illustrate the cases of copper, cadmium and zinc. We chose the city of Lausanne, 
Switzerland (Figure 1) as case study, as many data were available on both the sewer system and the 














2 MATERIAL AND METHOD 
2.1. Substance flow analysis 
The SFA proposed in this study is carried out in six iterative steps (Schaffner et al. 2009): 
 
1. The system analysis defines the temporal and spatial boundaries and the indicator substance(s). 
Based on an acquired understanding of the system, the relevant balance volumes and flows of the 
system are identified. 
2. The relationships within the system are formulated as mathematical equations (model approach), 
in which the variables describe the flows and stock change rates of the system. A set of 
parameters is used to describe the actual knowledge of the system behaviour.  
3. The input data for these parameters is acquired from all available sources, including measurement 
results as well as secondary sources complemented with estimations and specific primary data 
assessment. Based on these datasets the model is calibrated in consultation with experts. 
4. With the compiled dataset, the current state (status quo) of the substance flows within the system 
is simulated. A Monte Carlo simulation allows evaluating the uncertainty of the model results. The 
plausibility of the simulations is checked by comparing these with data from primary 
measurements and other studies. 
5. With the aid of a sensitivity analysis the critical parameters of the system, i.e. the key parameters 
(representing the driving forces), which influence the substance flows most, can be identified.  
 
In targeting these sensitive parameters, mitigation measures can be most effective. Thus, to decrease 
the key micropollutants flows, possible mitigation measures (scenarios) can be simulated, and 
evaluated for their effectiveness. 
In this study, modelling was performed by using the software SIMBOX®1 developed at the Swiss 
federal institute for aquatic sciences (Eawag), Dübendorf, Switzerland.  
 
2.2. System analysis, model approach, input data and environmental quality 
criteria 
The SFA was applied on the city of Lausanne, which is around 42 km2 with 130’000 inhabitants. The 
system encloses the sewer catchment as well as the receiving water direct near the city (Vidy Bay). A 
one year period was considered for the analysis.  
In this paper, we will illustrate the case of different heavy metals: copper, cadmium and zinc; the 
system is described in Figure 2. We considered thirteen inputs of the heavy metals. The input through 
drinking water (I1) reaches directly the wastewater drainage. The inputs through roofs (I2) and houses 
sides (I3) runoff, through road runoff collecting car brakes (I4) and tires (I5) abrasion as well as motor 
oil residues (I6) and dry deposition (I12), through particles from catenaries from trolleybuses (I7) and 
through rainwater (I13) reach the stormwater drainage system. The inputs through trains, i.e. particles 
from catenaries (I8), brakes (I9) and wheels (I10) abrasion, reach the train drainage system, which go 
partly to wastewater and partly directly to surface water. Finally, the input through boats (antifouling 
treatments; I11) directly enters surface water (Chèvre et al. in press).  
The main compartments of the system were identified as the drainages systems, i.e for wastewater, 
for stormwater and for train runoff, the three combined sewer overflows on the wastewater sewer 
system, the wastewater treatment plant (WWTP), the sludge collector, the surface water and the 
sediment. Note that combined sewer overflow number 1 (CSO1) integer all the overflows occurring 
before the WWTP, i.e. the 10 CSO on the wastewater network. The flows between the different 
compartments are related to the total inputs of the corresponding compartment by transfer coefficients 
(k1 to k14). We consider no output of the system. The heavy metals end in sludge or in sediment. There 




is therefore an enrichment of the compartment sludge and sediment with time. 
All input data were collected from previous studies (Rossi 1998; Rossi et al. 2008) or estimated by 
expert judgment.  
As water quality criteria for copper, we used the value of 8.2 g/l proposed under the EU Water 
Framework Directive (Crane and Babut 2007). The Swiss legislation (Swiss Government 1998) gives 
the criteria of 5 g/l and 2 g/l for total, respectively dissolved copper. For dissolved cadmium, we 
used the water criteria of 0.05 g/l and the criteria of 0.5 g/l for dissolved zinc (Swiss Government 
1998).  
For sediment, MacDonald et al. (2000) propose a threshold effect concentration (TEC) of 31.6 mg/kg 
dry weight and a probable effect concentration (PEC) of 149 mg/kg dry weight for copper. The first 
value represents a concentration below which harmful effects are unlikely to be observed and the 
second a concentration above which harmful effects are likely to be observed. For cadmium, the TEC 
is 0.99 mgCd/kg dry weight and the PEC is 4.98 mgCd/kg dry weight; for zinc, the TEC is 121 
mgCd/kg dry weight and the PEC is 459 mgCd/kg dry weight 
 
 
Figure 2. Description of the urban drainage system of Lausanne and application to copper. The “I” flows stay for 
“Input”, the “k” flows for the transfer coefficients and CSO for combined sewer overflows (Guignard 2008; Chèvre, 
Guignard et al. in preparation). 
 
3 RESULTS AND DISCUSSION 
The results give a yearly input of around 1900 kg of copper, of 15.2 kg of cadmium and of 7100 kg of 
zinc in the water cycle of Lausanne.  
The roofs as well as catenaries from trolleybuses are clearly identified as the major sources of copper 
in the urban water system. The mass of copper from these two inputs reaches 1400 kg/year. The next 
sources are car brakes and catenaries from trains, but the sum of both these entrances only gets to 
around 300 kg/year. The other inputs are more than ten times lower than the major ones. Inputs 
through car brakes, motor oils as well as train wheels seem to be negligible in comparison. 
For cadmium, the major sources are urban furniture, the input reaching 9.5 kg/year. The next highest 
input, roofs, represents only 7% of the yearly amount. 
For zinc, the major sources are roofs, houses sides, tires and urban furniture, the total input reaching 
5000 kg/year. 
The main entrance of the three heavy metals in urban water cycle occurs through stormwater. A large 
amount of these compounds, around 850 kg/year for copper and around 3300 kg/year for zinc, 
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reaches surface water directly without treatment and thus contributes to a contamination of surface 
water and an enrichment of sediment. This result is in accordance with a SFA analysis conducted in 
Australia, where the main source of water contamination by copper was road stormwater (Seelsaen et 
al. 2007).  
Wastewater and part of the stormwater reach the waste water treatment plant (WWTP), where copper, 
zinc and cadmium are mainly retained in sludge. The discharge of these heavy metals through WWTP 
is consequently much lower than that through stormwater. For copper, the entrance in the aquatic 
system through WWTP effluent is 5 times lower than the entrance through stormwater.  However, the 
same amount of copper is released through the combined sewer overflows (CSO). The same 
observation may be done for the other heavy metals. This point highlights the importance to survey 
CSO discharge as they may contribute significantly to surface water pollution. 
Based on these results, we can estimate an entrance of around 1500 kg/year of copper, of 7.3 kg/year 
of cadmium and 4000 kg/year of zinc in the Vidy Bay, of which around 890 kg/year, 7 kg/year, and 
3000 kg/year respectively end in sediment. The enrichment of the sediment may contribute to 
concentrations above the probable effect concentration proposed by MacDonald et al. (2000) for the 
three heavy metals. In surface water, the different water quality criteria may be exceeded during rain 
events as more than 95% of copper per year is entering the urban water system with rainwater.  
The results of SFA were compared with real measurements and good agreements were found 
between the results. For example, 0.67 to 2.11 g of copper per impervious hectare and millimetre of 
rain (g/haimp/mm) were measured in stormwater runoff in Lausanne (separated sewer system 
catchment; (Rossi 1998)). Considering an average of 1122 mm of rain per year and the whole 
watershed of Lausanne city, we could estimate a copper load between 330 and 1040 kg per year for 
stormwater runoff. This value is in the same order of magnitude than the load estimated in this study 
(850 Kg). Moreover, the mass of copper in sediments of the Vidy Bay was measured elsewhere. An 
enrichment of 87.8 tons of copper was estimated for a period of 24 years (Poté et al. 2008). In this 
study, the estimated accumulation of copper during the same period corresponds to 64.8 tons and is 
therefore in the same order of magnitude (note that the results of this study are extrapolated to the 
entire watershed of the Vidy bay, i.e Lausanne city and surroundings; extrapolation factor 1.8). These 
results confirm the validity and the plausibility of the hypothesis made in our study. The same 
calculation were made for cadmium and zinc and good agreements were found as well (Gremaud 
2009). 
Sensitivity analysis allows identifying the sensitive parameters of the system variables and, in 
particular, of the key variables considered. The two key variables in this study are the net input to 
surface water and the accumulation rate to sediment. For these two variables, the most sensitive 
parameters are: I2 (roofs), I7 (trolleybus catenaries) and k2 (transfer coefficient from stormwater to 
separate sewer system; results not shown here). Field measurements campaigns focusing on these 
specific inputs and this specific coefficient would lead to a better approximation of the annual balance 
of copper in Lausanne. 
Our results show that copper, cadmium and zinc might represent a risk for the aquatic environment of 
the Vidy Bay, especially for the sediment compartment. We also showed that stormwater presents the 
major source of contamination. There is therefore a need to take action to reduce this pollution in 
Lausanne city. Different technical solutions, from at-source solutions (infiltration of stormwater, with or 
without adsorption material) to end-of pipe solutions (detentions ponds, constructed wetlands) are 
already proposed in Switzerland (VSA 2002; VSA 2007). The next step would therefore be to 
implement different scenarios in the model to help choosing the most adequate investments to limit 
heavy metals contamination of the Vidy bay. 
  
4 CONCLUSION 
Coupled with water and sediment quality criteria, SFA is an interesting management tool as it allows 
detecting the main problems in a system (for example the main sources of pollution). It also allows to 
study different scenarios when action are planed. However, its application is based on several data, 
which should be available and on several hypotheses and estimations, which should be justified by, 
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